INTRODUCTION
Iodine is easy to handle and has low toxicity. Thus, it has been investigated as an efficient catalyst for several organic reactions 1 8 . We previously reported the reaction of 3-hydroxy acids, such as 6-hydroxyspiro 4.5 dec-6-ylacetic acid, using iodine 9 or strong acids 10, 11 as catalysts to produce the propella lactone 11-oxatricyclo 4.4.3.0 1, 6 -tridecan-12-one . Spirolactones and bicyclic lactones were also obtained from the corresponding 3-hydroxy acids 9 .
We have also previously reported that the reaction of 2-1-hydroxycyclohexyl acetic acid with butyl vinyl ether using ZnCl 2 as a catalyst yielded the corresponding spirolactone 10 .
In this study, the reactions of 3-hydroxy acids, such as 2-1-hydroxycyclohexyl acetic acid 1 and 2-1S,2S,4R -2-hydroxy-1,7,7-trimethylbicyclo 2.2.1 heptan-2-yl acetic
Materials
2 -1 -H y d r o x y c y c l o h e x y l a c e t i c a c i d 1 a n d 2 -1S,2S,4R -2-hydroxy-1,7,7-trimethylbicyclo 2.2.1 heptan-2-yl acetic acid 12 were prepared from the corresponding ketones as previously reported 11 15 . The other carboxylic acids and vinyl ethers were commercially available, and they were used as received.
Esteri cation of 3-hydroxy acids with vinyl ether
The typical procedure is as follows entry 11 in Table 5 : 12 0.212 g, 1.0 mmol , 2 0.300 g, 3.0 mmol , and iodine 0.0508 g, 0.20 mmol were placed in a reaction tube, and were stirred at 80 for 7 h. A 5 aqueous solution of sodium thiosulfate 10 mL was added to the reaction mixture in order to remove iodine, and the mixture was then extracted three times with 10 mL of diisopropyl ether. The organic layer was washed twice with 10 mL of saturated aqueous sodium chloride, dried with anhydrous sodium sulfate, and evaporated. The product was purified by column chromatography eluted with hexane/ethyl acetate 50/1 . A total of 0.235 g 0.94 mmol; 94 yield of an unsaturated ester 14 was obtained. The GC-MS purities of all products were above 98 .
Production of adduct 11 from hexanoic acid 8 and
butyl vinyl ether 2 The typical procedure is as follows entry 8 in Table 3 : hexanoic acid 8 4.647 g, 40.0 mmol and butyl vinyl ether 2 12.02 g, 120 mmol were placed into a 100 mL flask, and the flask was sealed. The mixture was stirred at 80 for 6 h. The reaction mixture was washed twice with 30 mL of saturated aqueous sodium chloride, dried with anhydrous sodium sulfate, and evaporated. The product 1-butoxyethyl hexanoate 11 was purified by distillation under reduced pressure 9.3 mmHg, 148.5 .
Rearrangement of adduct 11 to ester 9
The typical procedure is as follows entry 5 in Table 4 : 11 216 mg, 1.0 mmol and iodine 50.8 mg, 0.20 mmol were placed in a reaction tube, and the mixture was stirred at 50 for 6 h. A 5 aqueous solution of sodium thiosulfate 10 mL was added to the reaction mixture in order to remove iodine. The mixture was then extracted three times with 20 mL of diisopropyl ether. The organic layer was washed twice with 20 mL of saturated aqueous sodium chloride, dried with anhydrous sodium sulfate, and evaporated. The product was purified by column chromatography eluted with hexane/ethyl acetate 100/1 . A total of 0.119 g 0.69 mmol; 69 yield of 9 was obtained. 
Spectroscopic data of the products

Results and discussion
Spectroscopic data of the purified, isolated product indicated the structure of the ester, butyl 2-1-hydroxycyclohexyl acetate 3 . This was unexpected because we previously reported that the same reaction of 1 with 2 using zinc dichloride, instead of iodine, as a catalyst afforded the corresponding spirolactone 2-methyl-1,3-dioxaspiro 5.5 -undecan-4-one by intermolecular dehydration 10 . Several methods for esterification using iodine as a catalyst have been reported 16 20 . However, to the best of our knowledge, there are no reports of esterification of a carboxylic acid with a vinyl ether by using any other catalyst. The optimum conditions for the reaction of 1 and 2 were investigated. The results are shown in Table 1 . First, the amount of the catalyst iodine was varied when the molar ratio of 1 to 2 was 1:1.5 entries 1-3 . When the molar ratio of 1 to iodine increased from 1:0.1 entry 1 to 1:0.2 entry 2 , the yield of ester 3 increased from 50 to 67 . However, when the molar ratio was further increased to 1:0.5, the yield decreased slightly to 64 entry 3 . When the atmosphere of the reaction system was changed from nitrogen to air entry 4 , the yield was improved dramatically to 78 . This suggests that hydrogen iodide, formed by the reaction of iodine and water in air, may act as the effective catalyst. The molar ratio of 1 to 2 was studied next. When the molar ratio was 1:3 entry 6 , the esterification proceeded almost quantitatively, improving the yield to 97 . Using reaction conditions of entry 6, the reaction temperature was increased from room temperature to 80 entry 8 . The yield of ester 3 was dramatically decreased to 19 . However, the formation of another product was observed. The spectroscopic data indicated that the new product was the unsaturated ester, butyl 2-cyclohexenylacetate 4 . This implies that not only the esterification but also the elimination of a water molecule proceeded at the higher temperature. The production of 4 was not observed in the reactions at room temperature entries 1-6 . The re- action mechanism of the elimination is proposed to be as follows. The conformation of the cyclohexane ring of ester 3 is considered to be a stable chair conformation. Accordingly, a g-hydrogen lies on the same plane as the hydroxyl group. E2 elimination by an acidic catalyst may proceed readily, as shown in Scheme 1. Hydrogen iodide, formed by the reaction of iodine and water in air, is considered to act as the acidic catalyst.
Various carboxylic acids were reacted with vinyl ethers. The results are shown in Table 2 . The model reaction was carried out using hexanoic acid 8 and 2 entry 1 . The reaction caused esterification, and the corresponding ester butyl hexanoate, 9 was obtained almost quantitatively. Similar reactions were also attempted with the other carboxylic acids. Except for entries 5 and 7, the reactions proceeded smoothly to obtain the corresponding esters. In the case of entry 5, 1-adamantylcarboxylic acid 5d was reacted with butyl vinyl ether 2 at 50 to give butyl 1-adamantanecarboxylate 7d in 33 yield entry 5 . Similarly, butyl benzoate 7e was obtained in 39 yield from the reaction of benzoic acid 5e with butyl vinyl ether entry 7 . However, in both reactions, when the reaction temperature was raised to 80 , the yields improved dramatically to 93 entry 6 or 81 entry 8 . There are two possible routes for this esterification reaction to occur, as shown in Scheme 2. One route is the formation of the alcohol from the vinyl ether, followed by esterification Path A . The other route is the formation of the adduct followed by rearrangement Path B . In order to investigate this reaction mechanism, hexanoic acid 8 was reacted with 2 without iodine. The results are summarized in Table 3 . First, the reaction was carried out at a 1:3 molar ratio of 8 to 2. The reaction did not proceed at room temperature entry 1 . Accordingly, the reaction temperature was raised to 50 entry 2 . From the spectroscopic data, the product was identified as the adduct of butyl vinyl ether to hexanoic acid, 1-butoxyethyl hexanoate 11. The yield was 48 . When the reaction temperature was further raised to 80 entry 4 , the yield of 11 increased to 85 . Moreover, when the reaction time was lengthened from 3 h to 6 h entry 8 , 11 was obtained quantitatively. However, increasing the reaction time further caused a decrease in the yield of 11 entry 9 . When the molar ratio of 8 to 2 was changed from 0.33:1 to 1:4 entries 4, 10-13 , the yield was highest at the molar ratio of 1:3 entry 4 . Thus, the reaction of the carboxylic acid with butyl vinyl ether without iodine produced the adduct of the ester and the acid.
The iodine-catalyzed rearrangement of 11 using iodine as a catalyst was performed. The results are shown in Table  4 . The reaction was carried out at room temperature for 6 h in an ampule entry 1 . The rearrangement of 11 afforded 9 in 28 yield. When the reaction was performed under open air at the same conditions, the yield of the ester was improved to 35 entry 2 . When the reaction temperature was raised to 50 , the rearrangement proceeded smoothly Scheme 1 Scheme 2 entries 4-7 . The yield was highest in open air at 69 entry 5 . It is most likely that water in the air may react with iodine to form hydrogen iodide, which then acts as a catalyst. From the observations that the reaction of the carboxylic acid with butyl vinyl ether afforded the adduct, which then underwent rearrangement to give the ester, the reaction mechanism of the esterification of the carboxylic acid with butyl vinyl ether was considered to be Path B in Scheme 2. The reaction mechanism is shown in detail in Scheme 3. First, iodine reacts with carboxylic acid or water to form hydrogen iodide, which protonates the vinyl ether to form the cation. The nucleophilic attack of a proton pair from the carbonyl oxygen atom on the cation occurs, producing the adduct. An oxygen atom in the car-bonyl group of the adduct is then protonated by hydrogen iodide, followed by elimination of acetaldehyde. Next, the iodide anion extracts a proton to form the ester. Acetaldehyde was not detected due to its low boiling point. As mentioned above, water is considered to play a role in the production of hydrogen iodide, which promotes the esterification. However, when the reaction was carried out in the absence of water, the yield of the ester decreased only slightly entries 4,6 and 7 . The reason for this is unclear.
This esterification was applied to a terpenic 3-hydroxy acid. 12 derived from -camphor was used. The results are illustrated in Table 5 . When the reaction was carried out at room temperature entry 1 , the product was a mixture of four compounds: an ester 13 , unsaturated esters 14 and 15 , and a lactone 16 . 16 was obtained by intramolecular dehydration of 12 as previously reported 9 .
However, when the reaction temperature was raised to 40 entry 2 , 13 was not produced. When the reaction temperature was raised to 60 entry 4 , only 14 was produced in 75 yield. When the reaction temperature was raised to 70 or 80 entry 5 or 6 , 14 was obtained almost quantitatively. However, although the reaction temperature was further increased entry 7 , the yield of 14 decreased. The reaction time was varied from 1 h to 7 h at 80 entries 6, 8-11 . The yield of 14 was already 72 at the reaction time of 1 h. The effect of iodine concentration was studied when the reaction time was 6 h and reaction temperature was 80 entries 6, 12-15 . The reaction did not proceed when iodine was not added entry 12 . At a
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the unsaturated butyl ester: E -butyl 2-1S,4R -1,7,7-trimethylbicyclo 2.2.1 heptan-2-ylidene acetate, at a reaction temperature above 60 . While a g-hydrogen was abstracted to form the endo-type double bond in the reaction of 1, an α-hydrogen was abstracted to form the exo-type double bond in the reaction of 12.
